Absolute 18-crown-6 (18C6) binding affinities of four protonated acetylated amino acids (AcAAs) are determined using guided ion beam tandem mass spectrometry techniques. The AcAAs examined in this work include: N-terminal acetylated lysine (N α -AcLys), histidine (N α -AcHis), and arginine (N α -AcArg) as well as side chain acetylated lysine (N ε -AcLys). The kinetic-energydependent cross sections for collision-induced dissociation (CID) of the (AcAA)H + (18C6) complexes are analyzed using an empirical threshold law to extract absolute 0 and 298 K (AcAA)H + −18C6 bond dissociation energies (BDEs) after accounting for the effects of multiple collisions, kinetic and internal energy distributions of the reactants, and unimolecular dissociation lifetimes. Theoretical electronic structure calculations are performed to determine stable geometries and energetics for neutral and protonated 18C6 and the AcAAs as well as the proton bound complexes of these species, (AcAA)H + (18C6), at the B3LYP/6-311+G(2d,2p)//B3LYP/6-31 G* and M06/6-311+G(2d,2p)//B3LYP/6-31G* levels of theory. For all four (AcAA)H + (18C6) complexes, loss of neutral 18C6 corresponds to the most favorable dissociation pathway. At elevated energies, products arising from sequential dissociation of the primary CID product, H + (AcAA), are also observed. Protonated N α -AcLys exhibits a greater 18C6 binding affinity than other protonated N α -AcAAs, suggesting that the side chains of Lys residues are the preferred binding sites for 18C6 complexation to peptides and proteins. N α -AcLys exhibits a greater 18C6 binding affinity than N ε -AcLys, suggesting that binding of 18C6 to the side chain of Lys residues is more favorable than to the N-terminal amino group of Lys.
Introduction
P rotein structures and protein-protein interactions play critical roles in all biological processes. As a result, studies aimed at the characterization and improved understanding of the three-dimensional structure of proteins and the intra-and intermolecular interactions that stabilize their structures and complexes abound. These studies provide information key to understanding functional behavior in biological systems, and will therefore become increasingly pursued as the field of proteomics matures and evolves.
A variety of MS approaches have been used to characterize protein structure and intra-and intermolecular interactions that stabilize their structures such as H/D exchange [1] [2] [3] [4] [5] [6] , chemical cross-linking [7] [8] [9] [10] [11] [12] [13] [14] [15] , and selective noncovalent adduct protein probing (SNAPP) [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . SNAPP has been developed to exploit protein structure and folding states. The SNAPP method utilizes noncovalent recognition of amino acid residues, and in particular lysine (Lys) residues, to facilitate rapid identification and characterization of protein sequence, structure and conformational changes. In this approach, 18C6 was selected as the protein side chain tag because of its specificity for Lys side chains. The extent of 18C6 adduction to Lys side chains is determined by the number of accessible Lys side chains (i.e., those that are not involved in intramolecular interactions such as hydrogen bonds or salt bridges). Intramolecular interactions generally prevent the attachment of 18C6 and are directly correlated to the structure of the protein. Therefore, the number of 18C6 ligands that bind is also directly correlated to protein structure. Because the number of 18C6 ligands that bind to a protein can be easily determined by MS due to the large mass shift (264 Da per 18C6 ligand bound), protein structure and folding under varying solution conditions can be extrapolated.
The use of molecular recognition of crown ethers by various protein sequences and structures has also been pursued for a variety of other protein structure, function, and separation applications. Robinson and coworkers reported a novel charge reduction approach that is based on the collision-induced removal of noncovalently attached aza-18C6 from the charged side chain of tetrameric human transthyretin [26] . The highly selective binding of the crown ether to the protein contributes to the low quantity of aza-18C6 required, and reduces the chance of unintended side reactions in solution. Reduction of the charge state using molecular recognition of aza-18C6 does not cause dramatic structural change. Therefore, it significantly improves the stability of protein complexes, and protects the native state of proteins. Oshima and coworkers employed dicyclohexano-18C6 (DCH18C6) as an affinity ligand to extract the lysine-rich protein cytochrome c in Li 2 SO 4 /polyethylene glycol (PEG) aqueous two-phase system [27] . Cytochrome c was quantitatively extracted into the PEG-rich phase in the presence of DCH18C6 within 5 minutes. Schneider and coworkers developed a strategy, using crown ethers as scaffolds for protein surface target recognition to explore protein folding and the mechanism of ligand binding. They designed a peptide receptor with 18C6 at one binding site for interaction with the peptide N-terminus and a peralkylammonium group as the other binding site for interaction with the C-terminus. In this work, the zwitterionic form of the unprotected tripeptide, Gly-Trp-Gly, was employed as a model peptide to develop a method for peptide differentiation based on length, amino acid composition, sequence, and the configuration of peptides and proteins [28, 29] .
Although the protonated side chain of Lys has been shown to be the primary binding site for 18C6 complexation, the protonated side chains of His, Arg, and the Nterminal amino group may also compete for 18C6. Therefore, accurate thermochemical information regarding the binding between 18C6 and the basic amino acids may provide insight into the selectivity of the complexation process. However, very limited thermochemical data has thus far been reported in the literature. In previous work, we examined the interactions between 18C6 and a series of protonated peptidomimetic bases that serve as mimics of the N-terminal amino group and the side chains of the basic amino acids in peptides and proteins [30] . The Lys mimic, N-butylamine (NBA), exhibits a higher 18C6 binding affinity than that of the His mimic, 4-methylimidazole (4MeIMID), and the Arg mimic, 1-methylguanidine (MGD), suggesting that Lys residues are the preferred binding sites for 18C6 complexation. The N-terminal amino group mimic, isopropylamine (IPA), exhibits a slightly higher binding affinity than that of the Lys mimic, NBA, suggesting that the N-terminal amino group can also serve as a competitive binding site for 18C6 complexation. In a follow-up investigation, we extended this work to include examination of the interactions between 18C6 and five protonated amino acids: glycine (Gly), Alanine (Ala), Lys, His, and Arg [31] . The measured 18C6 binding affinities of the protonated amino acids follow the order: Gly 9 Ala 9 Lys 9 His 9 Arg. Amongst the basic amino acids, Lys exhibits the highest binding affinity for 18C6, confirming that the side chains of Lys residues are the preferred binding site for 18C6. However, Gly and Ala exhibit greater binding affinities for 18C6, suggesting that the N-terminal amino group may indeed serve as a favorable binding site for 18C6.
Theoretical calculations indicate that in the complexes to His and Arg, the preferred binding site for 18C6 is to the protonated backbone amino group, rather than the side chain. Therefore, the trends in the 18C6 binding affinities of the protonated amino acids determined in that work [31] do not represent the trends in the binding affinities of the side chains of Lys, His, and Arg. In addition, intermolecular and intramolecular interactions can prevent complexation of 18C6 to the side chains of amino acid AA residues in peptides and proteins. Due to the conformational flexibility of peptides and proteins, the backbone may also influence the complexation of 18C6 with the protonated AA residue side chains. Therefore, we extend this work to include acetylated AAs as additional models for noncovalent interactions between 18C6 and peptides or proteins. N α -acetylation ensures side chain binding, while side chain acetylation results in preferred binding of 18C6 to the N-terminal amino group. In order to investigate backbone effects on the molecular recognition of the basic AAs by 18C6, absolute 18C6 affinities of four acetylated AAs are determined here using guided ion beam tandem mass spectrometry techniques. The acetylated AAs examined here include: N α -AcLys, N ε -AcLys, N α -AcHis, and N α -AcArg, as shown schematically in the model peptide of Figure 1 . The energy-dependent cross sections for collision-induced dissociation (CID) of the (AcAA)H + (18C6) complexes are analyzed using methods previously developed that explicitly include the effects of the kinetic and internal energy distributions of the reactants, multiple ion-neutral collisions, and the kinetics of unimolecular dissociation. Absolute (AcAA)H + -18C6 bond dissociation energies (BDEs) for four (AcAA)H + (18C6) complexes are derived and compared to theoretical estimates for these BDEs computed here. The effects of acetylation on the 18C6 binding affinities of the AAs are assessed by comparing present results to those for the AAs previously investigated [31] .
Experimental

General Procedures
Cross sections for CID of four protonated acetylated amino acid-18C6 complexes, (AcAA)H + (18C6) with Xe, where AcAA = N α -AcLys, N ε -AcLys, N α -AcHis, and N α -AcArg are measured using a guided ion beam tandem mass spectrometer that has been described in detail previously [32] . The (AcAA)H + (18C6) complexes are generated by electrospray ionization (ESI) under conditions similar to those described previously [30, 31] . The ions are effusively sampled from the source region, focused, accelerated, and focused into a magnetic sector momentum analyzer for mass analysis. Mass-selected ions are decelerated to a welldefined kinetic energy and focused into an rf octopole ion guide that traps the ions in the radial direction. The octopole passes through a static gas cell containing Xe at low pressure (~0.05−0.20 mTorr) to ensure that multiple ion-neutral collisions are improbable. After collision, products and remaining reactant ions drift to the end of the octopole, are focused into a quadrupole mass filter for mass analysis, and subsequently detected with a secondary electron scintillation detector and standard pulse counting techniques.
Data Handling
Ion intensities, measured as a function of collision energy, are converted to absolute CID cross sections as described previously [33] . Uncertainties in the absolute and relative cross sections are approximately ±20% and ±5%, respectively. The absolute zero and distribution of the ion kinetic energies are determined using an rf octopole ion guide as a retarding potential analyzer as previously described [33] . The ion kinetic energy distributions are found to be Gaussian with a full width at half maximum (FWHM) between 0.2 and 0.5 eV (lab) for these experiments. The uncertainty in the absolute energy scale is ±0.05 eV (lab). Ion kinetic energies in the laboratory frame, E lab , are converted to energies in the center-of-mass frame, E CM , using the formula
, where M and m are the masses of the ionic and neutral reactants, respectively. All energies reported below are in the center-of-mass (CM) frame unless otherwise noted.
Thermochemical Analysis
The threshold regions of the CID cross sections are modeled using procedures developed elsewhere [33] [34] [35] , as described previously for similar systems [30, 31] . Details of the analysis procedures, which include explicitly accounting for the kinetic and internal energy distributions of the reactants, the effects of multiple ion-neutral collisions, and the lifetime of the dissociation ions using a loose phase space limit (PSL) transition state (TS) are provided in the Supplemental Information.
Theoretical Calculations
To obtain stable geometries, vibrational frequencies, and energetics for neutral and protonated 18C6 and the AcAAs, as well as the proton bound (AcAA)H + (18C6) complexes, theoretical calculations were performed using HyperChem [36] and the Gaussian 09 [37] suites of programs. Neutral and protonated 18C6 and the AcAAs as well as the (AcAA)H + (18C6) complexes exhibit many stable lowenergy structures. Therefore, potential low-energy candidate structures were obtained via a simulated annealing procedure employing the Amber force field. The most stable conformers accessed at the end of each annealing cycle were subjected to additional analysis. All structures within 30 kJ/ mol of the lowest-energy structure found via the simulated annealing procedure, as well as others representative and encompassing the entire range of structures found were further optimized using density function theory. Additional details regarding the simulated annealing procedure can be found in the Supplemental Information.
Geometry optimizations for neutral and protonated 18C6 and the AcAAs as well as the proton bound (AcAA)H + (18C6) complexes were performed using density functional theory at the B3LYP/6-31G* level of theory [38, 39] . Vibrational analyses of the geometry-optimized structures were performed to determine the vibrational frequencies of the optimized species for use in modeling of the CID data and to allow zero-point energy (ZPE) corrections to be determined. The frequencies calculated were scaled by a factor of 0.9804 [40] . The scaled vibrational frequencies and rotational constants are listed in Tables S1 and S2 of the Supplemental Information. Single-point energy calculations were performed at the B3LYP/6-311+G(2d,2p) and M06/6-311+G(2d,2p) levels of theory using the B3LYP/6-31G* optimized geometries. To obtain accurate energetics, ZPE and basis set super position Polarizability is one of the key factors that contribute to the strength of noncovalent interactions. Thus, the isotropic molecular polarizabilities of the ground-state conformations of the neutral and protonated AcAAs and 18C6 are calculated using PBE0 hybrid functional and the 6-311+G(2d,2p) basis set using the B3LYP/6-31G* optimized geometries. This level of theory was chosen because polarizabilities determined using the PBE0 functional [43] exhibit much better agreement with experimentally determined polarizabilities than the B3LYP and M06 functionals employed for energetics here [44] . Figure S1 of the Supplemental Information. The most favorable process for all complexes is loss of an intact 18C6 ligand in the CID reactions 1.
Results
Cross Sections for Collision-Induced Dissociation
At elevated energies, products arising from the sequential dissociation of the primary H + (AcAA) CID product were also observed for all complexes as shown in Figure 2 and Figure S1 of the Supplemental Information. Because the fragmentation of H + (AcAA) is not of specific interest here, these minor sequential fragmentation pathways will not be discussed further.
Theoretical Results
Theoretical structures for neutral and protonated 18C6 and the AcAAs as well as the (AcAA)H + (18C6) complexes were calculated as described in the Theoretical Calculations Section. The B3LYP/6-31G* ground-state structures of the (AcAA)H + (18C6) complexes are shown in Figure 3 . Structures and M06/6-311+G(2d,2p) relative energies of several representative low-energy conformations of the (AcAA)H + (18C6) complexes computed here are shown in Figure S2 of the Supplemental Information. Results for select stable low-energy conformations of neutral and protonated 18C6 and the AcAAs are shown in Figure S3 of the Supplemental Information. The (AcAA)H + -18C6 BDEs at 0 K calculated at the M06/6-311+G(2d,2p)// B3LYP/6-31G* and B3LYP/6-311+G(2d,2p)//B3LYP/6-31G* levels of theory including ZPE and BSSE corrections, are listed in Table 1 . Comparison of the measured and calculated values suggests that the M06 results are most reliable (see Comparison of Theory and Experiment Section). Therefore, the following discussion will focus on energetics calculated at the M06/ 6-311+G(2d,2p) level of theory using the B3LYP/6-31G* optimized structures unless otherwise specified.
18C6
The present work is a follow-up to earlier studies where the interactions between a series of protonated peptidomimetic bases and several protonated amino acids and 18C6 were Figure 2 . Cross sections for collision-induced dissociation of the (N α -AcLys)H + (18C6) complex with Xe as a function of kinetic energy in the center-of-mass frame (lower x-axis) and laboratory frame (upper x-axis). Data are shown for a Xe pressure of 0.2 mTorr examined [30, 31] . Because the neutral and protonated forms of 18C6 were examined in detail in that work, only a brief summary of the structures of 18C6 most relevant to the current work is given here. The ground-state conformation of neutral 18C6 is of C i symmetry; four of its six ether oxygen atoms are directed inward from the ether backbone, while the other two are directed outward. A weak intramolecular C−H···O interaction helps stabilize the ground-state conformer ( Figure S3 ). A stable conformer with D 3d symmetry was also found that lies 9.3 kJ/mol higher in energy than the ground-state structure. In this conformation, each of the oxygen atoms are directed inward from the ether backbone, forming a nucleophilic cavity for very favorable interaction with guest cations.
Acetylated Amino Acids
The B3LYP/6-31G* optimized geometries and the M06/6-311+G(2d,2p) relative stabilities of the ground-state and stable low-energy conformations of the neutral and protonated AcAAs are provided in Figure S3 of the Supplemental Information. The preferred site of protonation for N α -AcLys, N α -AcArg, and N α -AcHis is at the side chain substituent. In contrast, protonation of the N-terminal amino group along the backbone is preferred for N ε -AcLys. The ground-state and low-energy structures of the neutral and protonated AcAAs are stabilized by intramolecular hydrogen bonds between the backbone amino, carboxyl, and acetyl moieties and the side chain substituent. Protonation is found to significantly alter the preferred conformations of N α -AcLys and N ε -AcLys. In both cases, protonation occurs at the free amino group altering it from a hydrogen bond acceptor to a hydrogen bond donor. As a result, the hydrogen bonding interactions that stabilize the protonated forms differ from those that stabilize the neutral species. In contrast, the preferred conformations of N α -AcArg and N α -AcHis are virtually unaffected by protonation. In both cases, the proton binds to a side chain nitrogen atom that does not participate in the hydrogen bonding interactions that stabilize the neutral, and thus the hydrogen bonding interactions are retained in the protonated species. A brief description of the ground-state conformations of the neutral and protonated AcAAs is provided below, while details for select excited low-energy conformers are provided in the Supplemental Information.
N α -AcLys
The ground-state structure of N α -AcLys is stabilized by two intramolecular hydrogen bonds, one between the backbone carboxyl hydrogen and the side chain amino nitrogen atoms, the other between the backbone carbonyl oxygen and amino hydrogen atoms ( Figure S3 ). The ground-state structure of H + (N α -AcLys) is also stabilized by two intramolecular hydrogen bonds, one between the backbone carbonyl oxygen and amino hydrogen atoms, and the other between the acetyl oxygen and one of the protonated side chain amino hydrogen atoms ( Figure S3 ).
N ε -AcLys
The ground-state structure of N ε -AcLys is stabilized by an intramolecular hydrogen bond between the amino hydrogen atom of the acetylated side chain and the backbone amino nitrogen atom ( Figure S3 ). The ground-state structure of H + (N ε -AcLys) is also stabilized by two intramolecular hydrogen bonds between the backbone carbonyl and side chain acetyl oxygen atoms and two of the amino hydrogen atoms of the protonated backbone N-terminal amino group ( Figure S3 ).
N α -AcHis
The ground-state structure of N α -AcHis is stabilized by two intramolecular hydrogen bonds, one between the side chain amino hydrogen and the acetyl oxygen atoms, and the other between the backbone amino hydrogen and carbonyl oxygen atoms ( Figure S3 ). The ground-state structure of H + (N α -AcHis) exhibits a very similar conformation to that of neutral N α -AcHis, except the side chain is now protonated, that is also stabilized by the same two hydrogen bonding interactions (see Figure S3) . N α -AcArg
The ground-state structure of N α -AcArg is stabilized by two intramolecular hydrogen bonds, one between the acetyl oxygen and side chain amino hydrogen atoms, and the other between the backbone carbonyl oxygen and amino hydrogen atoms ( Figure S3 ). The ground-state structure of H + (N α -AcArg) exhibits a very similar conformation to that of neutral N α -AcArg, except that the side chain is now protonated, that is also stabilized by the same two intramolecular hydrogen bonds (see Figure S3) .
(AcAA)H + (18C6) Complexes
The B3LYP/6-31G* optimized geometries of the groundstate conformations of the (AcAA)H + (18C6) complexes are shown in Figure 3 . 18C6 binds to the protonated side chain substituent in the complexes to N α -AcLys, N α -AcArg, and N α -AcHis, and to the protonated backbone amino group in the complex to N ε -AcLys. Thus, complexation to 18C6 does not alter the preferred site of protonation to these AcAAs. In all cases, binding of 18C6 occurs via N-H···O hydrogen bonds. The conformation of 18C6 in all of these complexes bears great similarity to the D 3d excited conformer of the neutral crown with a nucleophilic cavity in the center for interaction with the protonated AcAA (see Figure  S3 of the Supplemental Information). A brief description of the ground-state conformations of these complexes is provided below, while details for select excited low-energy conformers are provided in the Supplemental Information.
(N α -AcLys)H + (18C6)
Binding of 18C6 to H + (N α -AcLys) results in cleavage of the N-H···O hydrogen bonding interaction between the protonated side chain amino hydrogen and acetyl oxygen atoms, such that H + (N α -AcLys) exhibits an extended conformation in the complex. Cleavage of this hydrogen bonding interaction allows the protonated side chain amino group to interact with 18C6 via three nearly ideal (i.e., nearly linear) N-H···O hydrogen bonds. The other hydrogen bonding interaction that stabilizes H + (N α -AcLys), between the backbone carbonyl and amino hydrogen atoms, is preserved upon binding of 18C6 (compare Figure 3 and Figure S3 of the Supplemental Information).
(N ε -AcLys)H + (18C6)
Binding of 18C6 to H + (N ε -AcLys) results in cleavage of both N-H···O hydrogen bonding interactions between the protonated side chain amino hydrogen atoms and the carbonyl and acetyl oxygen atoms, such that H + (N ε -AcLys) exhibits an extended conformation in the complex. Cleavage of these hydrogen bonding interactions allows the protonated backbone amino group to interact with 18C6 via three nearly ideal N-H···O hydrogen bonds (compare Figure 3 and Figure S3 of the Supplemental Information).
(N α -AcHis)H 
Threshold Analysis
The model of equation (S1) of the Supplemental Information was used to analyze the thresholds for reactions 1 in four (AcAA)H + (18C6) complexes. The results of these analyses are provided in Table 2 . Representative results are shown in Figure S4 of the Supplemental Information. In all cases, the experimental cross sections for reactions 1 are accurately reproduced using a loose PSL TS model [35] . Previous work has shown that this model provides the most accurate assessment of the kinetics shifts for CID processes for electrostatically bound ion-molecule complexes [45] [46] [47] [48] [49] [50] [51] [52] [53] . Good reproduction of the data is obtained over energy ranges exceeding 3.0 eV and cross section magnitudes of at least a factor of 100. Table 2 also lists E 0 values obtained without including the RRKM lifetime analysis. Comparison of these values with the E 0 (PSL) values shows that the kinetic shifts are the largest for the most strongly bound systems, and decrease in the order N α -AcLys 9 N ε -AcLys 9 N α -AcArg 9 N α -AcHis. This trend in the magnitudes of kinetic shifts is consistent with expectations that the observed kinetic shifts should directly correlate with the density of states of the activated complex at threshold, which increases with energy.
The entropy of activation, ΔS † , is a measure of the looseness of the TS and the complexity of the system. It is determined from the molecular parameters used to model the energized molecule and TS for dissociation as listed in Table S1 and S2. The ΔS † (PSL) values at 1000 K are listed in Table 2 and vary between 78 to 120 Jmol , where three or four hydrogen bonds are broken.
Conversion from 0 to 298 K
To allow comparison to commonly employed experimental conditions, we convert the 0 K bond energies determined here to 298 K bond enthalpies and free energies. Table S3 lists 0 and 298 K enthalpy, free energy, and enthalpic and entropic corrections for all systems experimentally determined. Details of the enthalpy and entropy conversions are provided in the Supplemental Information.
Discussion
Comparison of Theory and Experiment
The measured and calculated 18C6 binding affinities of N α -AcLys, N ε -AcLys, N α -AcHis, and N α -AcArg at 0 K are summarized in Table 1 . The agreement between M06/6-311+G(2d,2p)//B3LYP/6-31G* theory and experiments is illustrated in Figure 5 . For all systems, M06 theory systematically overestimates the measured (AcAA)H + -18C6 BDEs with a mean absolute deviation (MAD) of 8.9 ±3.3 kJ/mol. The agreement between B3LYP theory and the measured BDEs is less satisfactory. B3LYP theory systematically underestimates the measured (AcAA)H + -18C6 BDEs by 38.4±11.1 kJ/mol. The average experimental uncertainty (AEU) in the measured (AcAA)H + -18C6 BDEs is 6.0±1.2 kJ/mol, slightly smaller than the MAD for M06 theory, and significantly smaller than the MAD for B3LYP theory. Clearly, M06 theory does a much better job of describing the binding in these systems. 
Trends in the 18C6 Binding Affinities
The measured (AcAA)H + -18C6 BDEs determined here follow the order: N α -AcLys 9 N ε -AcLys 9 N α -AcArg 9 N α -AcHis. The interactions of 18C6 with protonated N α -AcLys and N ε -AcLys involve three nearly ideal linear N-H···O hydrogen bonds, which results in the strongest noncovalent interactions between 18C6 and the AcAAs investigated here. 18C6 interacts with protonated N α -AcArg via four less than ideal hydrogen bonds with four oxygen atoms of the crown (O1, O2, O4, and O5) to form a somewhat less strongly bound complex. Protonated N α -AcHis interacts with 18C6 via two non-ideal hydrogen bonds to alternate oxygen atoms (O1 and O4) to form a low symmetry conformer, and exhibits the weakest binding to 18C6. These trends in the (AcAA)H + -18C6 BDEs confirm that the geometry, even more importantly than the number of hydrogen bonding interactions, is critical to the strong binding necessary for molecular recognition.
The analogous trend was also observed in our previous study of protonated peptidomimetic base-18C6 complexes [30] . The peptidomimetic bases (B) that bind to 18C6 via three N-H···O hydrogen bonds exhibit the greatest binding affinities for 18C6. The Lys mimic, NBA, exhibits a higher 18C6 binding affinity than the His mimics, imidazole (IMID) and 4-4MeIMID, and the Arg mimic, 1-methylguanidine (MGD). The trend in the 18C6 binding affinity between His and Arg is not readily predictable from the peptidomimetic base study because the bases examined did not mimic the side chain substituents of Lys, His, and Arg in a completely systematic fashion, and the 18C6 binding affinity of the Arg mimic, MGD, is 0.2 kJ/mol lower than the His mimic, IMID, but is 8.2 kJ/mol higher than the other His mimic, 4MeIMID.
The 18C6 binding affinities of Lys, Arg, and His were examined in a follow-up study and found to follow the order, Lys 9 His 9 Arg [31] . Theoretical calculations suggest that the protonated side chain of Lys is the preferred binding site for 18C6 complexation. In contrast, the protonated backbone amino group is the preferred site of binding for 18C6 to protonated His and Arg. Therefore, these results confirm that the Lys side chains are the preferred 18C6 binding sites to peptides and proteins. However, the trends in the 18C6 binding affinities determined in that work for His and Arg do not represent the trends in the binding affinities of their side chains. Based on the relative stabilities computed for the most stable conformers of the (His)H + (18C6) and (Arg)H + (18C6) complexes where 18C6 binds to the protonated backbone amino group (ground-state) and protonated side chain (excited conformers), theory suggests that the trend in the binding affinities will be preserved and His side chains are preferred over Arg side chains.
Binding Sites of Amino Acid Side Chains
The 18C6 binding affinity of protonated N α -AcLys is 7.5 kJ/mol higher than that of protonated N ε -AcLys, 42.6 kJ/mol higher than that of protonated N α -AcArg, and 50.0 kJ/mol higher than that of N α -AcHis, indicating that the Lys side chain is the preferred binding site for 18C6 complexation amongst the basic AAs in proteins or peptides. Similar results were also found in our previous study of protonated peptidomimetic bases with 18C6 complexes [30] . The 18C6 binding affinity of the protonated form of the Lys mimic, NBA, is 48.8 kJ/mol higher than that of the His mimic, IMID, and 49.0 kJ/mol higher than that of the Arg mimic, MGD. The same trend was also observed in a follow-up study where the 18C6 binding affinity of several amino acids including all of the basic amino acids were examined. The 18C6 binding affinities of the protonated form of Lys is 11.4 kJ/mol higher than that of His, and 26.6 kJ/mol higher than that of Arg [31] . The same trend was also reported by Julian and Beauchamp [16] when a 1:1:1 mixture of NBA, guanidine (GD), and IMID was sprayed with 18C6. They found that the (NBA)H + (18C6) complex dominates the spectrum, and is the base peak (100 % relative abundance), while the relative intensity of the (GD)H + (18C6) and (IMID)H + (18C6) complexes is much smaller, 3.5 % and 1 %, respectively. These results suggest that the Lys side chains should remain the preferred binding sites for 18C6 complexation to peptides and proteins.
Binding Affinities of AcAAs versus AAs
The 18C6 binding affinity of protonated Lys increases by 12.2 kJ/mol upon N α-acetylation. This is understood by the electron withdrawing effect of the acetyl group, which increases the charge retained by the side chain primary amino hydrogen atoms. The increased charge on the side chain primary amino hydrogen atoms induces higher charge on the oxygen atoms of 18C6 that results in slightly stronger electrostatic interactions between the primary amino hydrogen and ether oxygen atoms. In contrast, N α -acetylation on His decreases the 18C6 binding affinity by 26.4 kJ/mol. This decrease in binding affinity occurs because 18C6 binds to the protonated side chain in the (N α −AcHis)H + (18C6) complex instead of the protonated backbone amino group as in the (His)H + (18C6) complex. In addition, the acetyl carbonyl oxygen atom forms a hydrogen bonding interaction with the protonated amino group of the side chain, providing additional stabilization to the protonated amino acid. However, this interaction stabilizes the isolated AA more than its complexes to 18C6. Thus, the charge on the protonated side chain hydrogen atoms decreases, and consequently decreases the induced charges on the ether oxygen atoms of 18C6. As a result, the electrostatic interaction between the protonated side chain and 18C6 becomes weaker.
In the ground-state structure of the (N α -AcArg)H + (18C6) complex, 18C6 binds to the protonated side chain of Arg. In contrast, 18C6 binds to the protonated backbone amino group in the ground-state conformer of the (Arg)H + (18C6) complex. As a result, the 18C6 binding affinity of protonated Arg decreases by 3.8 kJ/mol upon N α -acetylation. The protonated backbone amino group of Arg interacts with 18C6 via three ideal N-H···O hydrogen bonds, which results in a stronger binding interaction as compared to that between 18C6 and the protonated side chain of Arg where binding to 18C6 involves four non-ideal N-H···O hydrogen bonds. In the ground-state structure of the (N α -AcArg)H + (18C6) complex, the acetyl oxygen atom is hydrogen bonded to an amino hydrogen atom of the protonated side chain. This hydrogen bonding interaction decreases the charge on the hydrogen atoms of the protonated side chain. However, unlike His this hydrogen bond stabilization does not directly involve any of the atoms involved in the hydrogen bonding interactions with 18C6. Therefore, its effect on the binding of 18C6 is not significant, and thus alters the binding interactions very little.
Side Chain versus N-terminal Binding to Lys
Protonated N α -AcLys exhibits an 18C6 binding affinity that is 7.5 kJ/mol higher than that of protonated N ε -AcLys, suggesting that the side chain of Lys residues are the preferred binding sites for 18C6 complexation in peptides or proteins. Theoretical calculations also suggest that binding of 18C6 to the protonated side chain of Lys is 4.2 kJ/mol more favorable than binding to the protonated backbone amino group [31] . The Lys side chain exhibiting a higher 18C6 binding affinity than the N-terminal amino group can be understood based on differences in the steric interactions of the carboxyl group and side chain in the complexes to N ε -AcLys versus N α -AcLys that constrain their complexation to 18C6. The X-ray study of Krestov and coworkers suggests that the steric interaction with the N-terminal amino acid side chain could constrain its complexation to 18C6 [54] . They found that the "depth of penetration" of the ammonium group into the 18C6 cavity for complexation exhibits a significant difference between diglycine and dialanine. The ammonium group in diglycine is much closer than that of dialanine during complexation. Steric interactions with the methyl side chain in proximity to the amino group in dialanine do not allow 18C6 to approach as closely and therefore bind as strongly. Thus, the 18C6 binding affinity of the N-terminal amino group should depend on the nature of the side chain. As a result, the Lys side chain constrains the complexation of the N-terminal amino group to a slightly greater extent than the backbone constrains complexation of the side chain amino group and leads to the 18C6 binding affinity of protonated N α -AcLys being 7.5 kJ/mol greater than that of protonated N ε -AcLys.
Measured BDEs versus PA of AcAAs
In our previous study of the binding in protonated peptidomimetic base-18C6 complexes, (B)H + (18C6), an inverse correlation between the 18C6 binding affinity and the PA of the peptidomimetic base is found as a result of the shorter N-H bonds and the decreased charge retained on the amino protons. In a follow-up study of the binding in protonated amino acid-18C6 complexes, (AA)H + (18C6), an inverse correlation between the 18C6 binding affinity and the PA of the amino acid is also found. As for these other studies, the AcAAs investigated in this study involve different types and numbers of hydrogen bonding interactions with 18C6, thus correlations between the PA of the AcAA and the measured BDEs differ depending on the nature of the binding geometries to 18C6. Roughly inverse correlations between the measured 18C6 binding affinity and the PA of the AcAAs are also observed in the systems examined here. The PA of N α -AcLys is 984.8 kJ/mol and increases to 987.0 kJ/mol for N ε -AcLys, 996.0 kJ/mol for Lys, 1051.0 kJ/mol for Arg [55, 56] , and 1061.0 kJ/mol for N α -AcArg. Accordingly, the measured (AcAA)H + -18C6 BDEs decrease from 179.9 kJ/mol for N α -AcLys, to 172.4 kJ/mol for N ε -AcLys, 167.7 kJ/mol for Lys, 137.3 kJ/mol for N α -AcArg, and 129.9 kJ/mol for Arg [31] .
The inverse correlation between the measured BDEs and PAs still loosely holds for the N α -AcLys, N ε -AcLys, His, and N α -AcHis complexes, although they exhibit different binding interactions with 18C6. The PA of N α -AcHis is 988.2 kJ/mol, 0.2 kJ/mol higher than that of His [57] , 3.4 kJ/mol higher than that of N α -AcLys, and 1.2 kJ/mol higher than that of N ε -AcLys. Accordingly, the measured (N α -AcHis)H + -18C6 BDE is 129.9 kJ/mol, 26.4 kJ/mol lower than that of His [31] , 42.5 kJ/mol lower than that of N ε -AcLys, and 50.0 kJ/mol lower than that of N α -AcLys. This inverse correlation was explained based on the N-H bond lengths and the charge retained on the amino protons. The AcAAs with higher PAs bind the proton tighter and lead to weaker interactions with 18C6, resulting in lower dissociation thresholds.
Conclusions
The kinetic energy dependence for CID of four (AcAA)H + (18C6) complexes, where AcAA = N α -AcLys, N ε -AcLys, N α -AcArg, and N α -AcHis with Xe is examined by guided ion beam tandem mass spectrometry techniques. For all four systems, the primary dissociation pathway observed for these noncovalently bound complexes is loss of neutral 18C6. Thresholds for these CID processes are determined after consideration of the effects of the kinetic and internal energy distributions of the reactants, multiple collisions with Xe, and the lifetimes for unimolecular dissociation. The ground-state structures and theoretical estimates for the CID thresholds are determined from density functional theory calculations performed at the B3LYP/6-311+G(2d,2p)//B3LYP/6-31G* and M06/6-311+G(2d,2p)//B3LYP/6-31G* levels of theory. The agreement between M06 theory and experiment is reasonably good with a MAD of 8.9±3.3 kJ/mol. The agreement between B3LYP theory and the measured BDEs is much less satisfactory. B3LYP theory systematically underestimates the measured (AcAA)H + -18C6 BDEs by 38.4±11.1 kJ/mol. Thus, it is clear that M06 theory describes the noncovalent interactions responsible for the binding in these complexes much more effectively than B3LYP theory.
The 18C6 binding affinities determined here combined with structural information obtained from theoretical calculations provides useful insight into the processes that occur in the molecular recognition of peptides and proteins by 18C6 for protein structure and sequence investigation. N α -AcLys exhibits the highest binding affinity for 18C6, suggesting that the side chains of Lys residues are the preferred binding sites for 18C6 complexation. N α -AcLys exhibits a higher binding affinity for 18C6 than N ε -AcLys, again suggesting that the side chain of Lys residues are the preferred binding site for 18C6 as compared to the Nterminal amino group of Lys. N α −acetylation increases the 18C6 binding affinity for Lys. In contrast, N α −acetylation decreases the 18C6 binding affinity of His and Arg, again confirming that Lys residues are the preferred binding sites for 18C6 complexation, and that competition by His and Arg residues for 18C6 complexation is not significant.
